Epitaxial crystallization of poly(3-caprolactone) (PCL) on reduced graphene oxide (RGO) was investigated by shearing at different shear rates of 3 s À1 and 75 s À1 and different shear temperatures of 65 C, 70 C and 75 C, respectively. Two dimensional wide angle X-ray diffraction (2D WAXD) results show that the crystallinity and the orientation degrees of the (110) plane of PCL/RGO nanocomposites with shear are higher than those without shear, but the imposed shear field has no obvious effect on the crystal structure of the PCL matrix. Two dimensional small angle X-ray scattering (2D SAXS) results suggest that the imposed shear field makes PCL chains epitaxially crystallize on RGO surfaces to form thicker lamellae. Thereby the melt points of PCL/RGO nanocomposites with shear are higher than that without shear from the differential scanning calorimetry (DSC) results. These results indicate that the imposed shear field can enhance the orientation of the PCL matrix, and promote epitaxial crystallization of PCL chains on RGO surfaces. Higher shear temperature is the requirement for PCL chains to epitaxially crystallize well on RGO at low shear rate, although it is not required for the samples at high shear rate.
Introduction
Owing to their inherent mechanical properties and high surface area, nanosized reinforcing llers have attracted great interest in the eld of composite materials. Polymer nanocomposites can possess enhanced properties through nanoscale reinforcement compared with conventional lled polymers or polymer blends. [1] [2] [3] [4] In recent years, more and more nanosize inorganic materials acting as llers have been used in the preparation of polymer/inorganic nanocomposites, which is due to their unique properties and numerous potential applications.
5,6
Two-dimensional (2D) layered nanollers can more intentively improve mechanical, physical and thermal properties of polymer matrices, comparing to zero-dimensional nanollers and one-dimensional nanollers.
7 These 2D layered nanollers could effectively enhance the orientation of polymer chains in the nanoller network. 8 As the strongest material found as yet (ultimate strength, 130 GPa; Young's modulus, 1 TPa), 9,10 graphene is a two-dimensional, atomically thick sheet composed of sp 2 carbon atoms arranged in a honeycomb structure.
11-15
Hence, graphene has great potential for improving the mechanical properties of polymer. [16] [17] [18] It has been reported that graphene could signicantly improve the mechanical properties of polyesters such as poly(3-caprolactone) (PCL), poly (3- hydroxybutyrate) (PHB), poly(L-lactic acid) (PLA), and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). [19] [20] [21] [22] It is wellknown that not only the mechanical properties and dispersion of nanollers in the polymer but also the interaction between polymer and nanollers have great inuences on the mechanical properties of polymer/nanoller composites. Thus, great effort has been devoted to improving the interaction between graphene and polymer matrixes. It has been reported that graphene can be modied by surface chemical functionalization with functional groups, such as small molecules 23, 24 and polymer chains, 25, 26 which can improve the solubility and processability markedly to enhance the interaction with polymers. 27 However, the conjugation of the graphene sheet is disrupted and the mechanical properties of the chemically modied graphene decreased dramatically, which is due to the break of sp 2 conformation of the carbon atom in graphene resulting from the chemical reaction. 28 Thus, it is very essential to nd a physical way with no damage for the structure of graphene in polymer/graphene composites. Fortunately, interfacial crystallization offers a possible means to enhance polymer/ nanoller interfacial interaction in composite systems composed of semi-crystalline polymer and llers with high aspect ratio. 29 Obviously, the formation of an interfacial crystalline layer can offer a good interfacial combination between graphene and polymer matrix. 30, 31 However, most researchers still use the traditional methods to improve the interface adhesion of polymer/graphene nanocomposites. 32 Petermann et al. reported that epitaxial interfaces with strong adherence were responsible for the improvement of the mechanical properties of polymer/graphene composites. [33] [34] [35] In our previous work, poly(3-caprolactone) (PCL)/reduced-graphene oxide (RGO) nanocomposites with epitaxial interaction were prepared, indicating that the incorporation of RGO can enhance the crystallization and orientation of PCL matrix, which was the major factor for the improvement of mechanical properties.
36,37
Epitaxy, meaning "on arrangement", is dened generally as the crystals of one phase (guest crystals) grown on the surface of a crystal of another phase (host crystal) in one or more strictly dened crystallographic orientations. 38, 39 According to previous studies, [40] [41] [42] the occurrence of polymer epitaxy is based on some certain crystallographic matches, namely, a coincidence of unit cell dimensions, and the highest limit for the occurrence of the epitaxial growth is assumed to be 15%.
43
As we all know, shear stress eld can markedly affect the crystallization, orientation and the resulting mechanical properties of semi-crystalline polymer.
44, 45 Kelarakis et al. reported that the amount of shear induced oriented crystals increased with the modied carbon ber (CF) concentration in isotactic polypropylene/modied CF composites, suggesting that the CF hindered the motion of polymer chains and increased their relaxation time. 46 Su et al. reported that shear-induced crystallization could improve the mechanical properties of injectionmolded bars of high density polyethylene/isotactic polypropylene blend.
47
In this work, we further study inuence of the imposed shear eld on the epitaxial crystallization of PCL on RGO surface. PCL/0.5 wt% RGO nanocomposite sheets were sheared at specied shear rates and temperatures. Differential scanning calorimetry (DSC), two dimensional wide angle X-ray diffraction (2D WAXD) and two dimensional small angle X-ray scattering (2D SAXS) measurements were applied to investigate the structural mechanism of epitaxial crystals of PCL on RGO produced by imposed shear eld. 
Experiment section

Preparation of PCL/RGO nanocomposite
Graphene oxide (GO) was exfoliated by ultra-sonication from graphite oxide which was produced by modied Hummers method. 48 RGO was prepared by thermal exfoliation and reduction of GO.
49
Poly(3-caprolactone)/0.5 wt% reduced-graphene oxide (PCL/ 0.5 wt% RGO) nanocomposite was melt mixed at 90 C in HAKKE Minilab for 3 minutes, making them pieces with the thickness of 0.5 mm.
Analytical methods
A Linkam CSS 450 high temperature shearing stage modied for X-ray scattering/diffraction studies was used for SAXS and WAXD experiments. The X-ray modication included the use of a diamond window and a Kapton lm to replace the standard quartz windows at the entrance and exit of the X-ray beam through the sample. The detailed modication has been described in detail in elsewhere. 50, 51 Typically, a pressed polymer ring, diameter ¼ 20 mm and thickness ¼ 0.5 mm, was mounted between the two parallel plates (X-ray windows) of the shear stage. 52 The parallel plate geometry was used. The electronic and mechanical accessories of this stage allowed an accurate control over a number of experimental parameters such as sample, shear temperature, heating/cooling rate, applied shear strain, and duration. Prior to shear, the sample was subject to a thermal treatment in order to ensure that the polymer was free of any memory effects associated with clusters, crystal aggregates and molecular conformation.
The experimental protocol was used in the shear studies consisted of the following discrete steps:
(1) Sample was heated from room temperature to 90 C (above the equilibrium melting point of PCL, T m ¼ 60 C) at the rate of 30 C min À1 .
(2) Hold the temperature at 90 C for 3 min. 2D SAXS experiments were carried out on the BL16B1 beam-line in the Shanghai Synchrotron Radiation Facility (SSRF). The 2D patterns were recorded in transmission mode at room temperature and the sample-to-detector distance was 2200 mm. The X-ray wavelength was 0.1239 nm and the beam size was 0.4 mm (H) Â 0.5 mm (V). 2D SAXS patterns were collected by using a Mar CCD X-ray detector (MAR165), having a resolution of 2048 Â 2048 pixels. The beam intensity monitor before sample was a N 2 gas ionization chamber, and the monitor aer sample adsorption was a photodiode in the beam stop.
2D WAXD experiments were carried out on the two scatterless slits (Xenocs). WAXD curves were collected from the 2D WAXD patterns. The wavelength of the monochromatic X-ray was 0.15418 nm. The 2D diffraction patterns were recorded in transmission mode at room temperature. X-ray patterns of the standard samples, silver behenate and CeO 2 , were used for calibration of sample to detector distance for WAXD.
All X-ray data was corrected for background (air and instrument) scattering before analysis. The SAXS and WAXD data analysis was performed out by using the Fit2d soware package. 53 The lamellae parameter derived from the SAXS data is named the long period L. It can be calculated according to the Bragg equation:
where q* is the peak position in the scattering curves.
In WAXD analysis, the degree of crystal orientation was obtained by using the Herman's method. 54 In specic, the degree of orientation, f 110 , was calculated from the azimuthal intensity distribution, I(Ø), of the (110) crystal reection. The crystallinity was calculated according to the diffraction intensity of crystal phase and amorphous phase, and the diffraction intensity was obtained through the integration from azimuthal angle of 0 to 180 degree.
Differential scanning calorimetry (DSC) measurements were performed with Perkins Elmer DSC8000 under nitrogen atmosphere. The samples without shear and with shear were cut into pieces weighting to 5-8 mg, and then all samples were heated to 90 C at a heating rate of 10 C min À1 .
Results and discussion
3.1 WAXD analysis WAXD patterns, and the inner ring is rather wider than the outer one. And no obvious distinctions can be found from all 2D WAXD patterns in Fig. 1 . WAXD curves of PCL/RGO nanocomposites without shear and with shear are collected from 2D WAXD patterns shown in Fig. 2 , which indicates that PCL/RGO nanocomposites without shear and with shear show the same diffraction peaks, suggesting that the crystal structures of PCL remained unchanged despite of the imposed shear eld. Notablly, three diffraction peaks observed in Fig. 2 are supposed to reect three diffraction rings in 2D WAXD patterns. This is maybe because that the inner wide rings shown in Fig. 1 are indeed two close diffraction rings that cannot be distinguished clearly from 2D WAXD patterns. From the inner to outer, the diffraction rings are designated to the (110), (111) and (200) crystal planes of PCL crystals.
The crystallinity and orientation degrees of (110) plane of PCL/RGO nanocomposites without shear and with shear shown in Fig. 3 are calculated from the above 2D WAXD patterns. The crystallinity and the orientation degree of (110) are all higher than that of PCL/RGO nanocomposites without shear. We can also nd that the crystallinity and the orientation degrees of (110) plane of PCL/RGO nanocomposites sheared at the shear rate of 3 s À1 increase with the shear temperatures, which reach to the maxima for the sample sheared at of 75 s À1 and 70 C. As for the effect of epitaxial crystallization of PCL chains on RGO surface, the shear rate of 3 s À1 was better for PCL chains to epitaxially crystallize on RGO surface than the shear rate of 75 s À1 . Fig. 4 show qualitatively how the imposed shear eld affects the evolution of oriented microstructures from the sheared melt. 2D SAXS patterns of PCL/RGO nanocomposites with shear, compared to those without shear, all have an outer scattering part, which are obviously caused by the imposed shear eld. The different shear rates caused differences of these series of 2D SAXS patterns in Fig. 4 . Comparing Fig. 4 (1) with Fig. 4 (2), we can nd that these inner scattering parts of 2D SAXS patterns all show round, with no obvious differences. The scatterings of the outer parts of Fig. 4 (1) show arcs, which indicates that the imposed shear eld made PCL chains relatively high oriented. The appearance of scattering arc means the existence of long period with relatively high oriented. However, the scatterings of the outer parts of Fig. 4(2) show nearly round, which indicates that the imposed shear eld made PCL chains low oriented. The appearance of nearly scattering round means the existence of long period with low oriented. For these 2D-SAXS patterns, meridian maxima is attributed to the layer-like oriented structures, oriented perpendicular to the ow direction. As for the effect of shear rate on epitaxial crystallization of PCL chains on RGO surface, it can be seen clearly from the 2D SAXS patterns that the shear rate of 3 s À1 has more advantages over the shear rate of 75 s À1 .
SAXS analysis
1D intensity proles are shown to quantitatively account for the effects of the imposed shear eld on the nature of oriented microstructures. 1D intensity proles of the inner and the outer part were calculated from the 2D SAXS patterns of PCL/RGO nanocomposites without shear and with shear, which can describe the effects resulted from shear rates of 3 s À1 and 75 s
À1
and shear temperatures of 65 C, 70 C and 75 C. Fig. 5 shows the 1D intensity proles of the inner intensity of PCL/RGO nanocomposites without shear and with shear. For the samples sheared at 3 s À1 (shown in Fig. 5(1) ), the sharp peaks reect the nature of the inner part in the 2D SAXS patterns, and they all shi to the direction of higher q value, which is due to the fact that the imposed shear eld had enhanced epitaxial crystallization of PCL chains on RGO surface. This result is also conrmed by PCL/RGO nanocomposites sheared at the shear rate of 75 s À1 shown in Fig. 5(2) . There is no deny that shear rate is the more important parameter for epitaxial crystallization of PCL chains on RGO surface comparing with shear temperatures at given conditions. As for the outer part, long period (or long spacing) between adjacent lamellae is estimated from the position of the intensity maxima along the meridian in the SAXS patterns, which is used to gure out clearly how the imposed shear eld affect the epitaxial crystallization of PCL chains on RGO surface. which have no obvious distinctions with increasing the shear temperatures, suggesting regular aligned crystal lamellae in PCL matrix. On the basis of the aforementioned result in this paper, the thickness of lamellae is 9.13 nm, 9.21 nm and 9.01 nm at the shear temperatures of 65 C, 70 C and 75 C, respectively, not increasing with the shear temperature monotonically. From the above analysis on the effects of shear rate and shear temperature on epitaxial crystallization of PCL chains on RGO surface, we can nd that the shear rate of 3 s À1 is much better for PCL chains to epitaxially crystallize on RGO surface than the shear rate of 75 s À1 . This result is accord with the WAXD analysis that the crystallization degrees and the orientation degrees of (110) plane of PCL/RGO nanocomposites sheared at the shear rate of 3 s À1 are higher than those sheared at the shear rate of 75 s À1 . There is no deny that the imposed shear eld can enhance epitaxial crystallization of PCL chains on RGO surface, and the effect of the shear rate on epitaxial crystallization of PCL on RGO is much greater than shear temperature in the imposed shear eld. C to 70 C, as the shear temperature increases to 75 C, PCL chains then transformed to random coil. However, the melt point of PCL/RGO nanocomposites without shear is 62.14 C, and it is below that of samples with shear, which is due to the fact that the imposed shear eld makes PCL chains better epitaxially crystallization on RGO surface and form thicker lamellae. This result is in accord with the analysis of 2D WAXD patterns 2D SAXS patterns. 2D WAXD, 2D SAXS and DSC results show that the imposed shear eld has great effects on epitaxial crystallization of PCL chains on RGO. The imposed shear eld increases the nucleation density and mainly affects the crystallization process, 56 and the orientation of PCL chains on RGO surfaces. The higher oriented PCL chains can easily epitaxially crystallize on RGO surface. As for PCL/RGO nanocomposites, the shear rate of 3 s À1 has more advantages over the shear rate of 75 s À1 for PCL chains epitaxially crystallization on RGO surface. This is because that the higher shear rate of 75 s À1 makes the melt viscosity of PCL/ RGO nanocomposites low so that it cannot offer enough time for PCL chains to adjust conformation. When PCL/RGO nanocomposites were sheared at the shear rate of 3 s À1 , the higher shear temperature makes oriented polymer chains move acutely so that they can undergo random coil to stretched chains transition, namely, the higher shear temperature is more benecial for PCL chains to epitaxially crystallize on RGO surface. Eventually, the thickness of lamella, the orientation degrees, the crystallinity and the melt points of PCL/RGO nanocomposites increase with the shear temperatures. However, PCL chains sheared at the shear rate of 75 s À1 have more potential to undergo random coil to stretched chains transition with increasing shear temperatures from 65 C to 70 C, but the higher shear temperature of 75 C makes PCL chains move acutely to relax, causing PCL chains undergo stretched chains to random coil transition, and then destroyed the conformation adjustment of PCL chains. The thickness of lamella, the crystallinity, the orientation degrees and the melt points of PCL/RGO nanocomposites sheared at the shear temperature of 70 C come to the maxima. Thus, 70 C is the best shear temperature among the three shear temperatures for PCL chains epitaxial crystallization moderately on RGO surface at 75 s À1 . According to the above analysis, we can conclude that higher shear temperature is the requirement for PCL chains epitaxially crystallizing well on RGO at low shear rate, although it is not required for the samples at high shear rate. 
DSC analysis
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